Introduction
The olive (Olea europaea L.) is one of the oldest and most important crops grown in the Mediterranean basin, and its cultivation is concentrated in this area [1] . However, it is now cultivated in many other countries of the world on a commercial scale [2] , and as a consequence the demand for olive trees is increasing. Micropropagation, which is a technique for the clonal propagation of plants, might provide an adequate supply of plants, in short time, for national and international markets. In addition, it is known the plants that are produced by this technology can avoid the "quarantine" of plant material that is enforced by many countries.
The micropropagation of crop plants involves placing axillary buds on a multiplication medium to induce the development of axillary shoots. These axillary shoots are subcultured on the multiplication medium until the desired number of plantlets is achieved. The shoots are then rooted, acclimatized, and transplanted to soil. Since the late 1960s, micropropagation has been used commercially to propagate several species and it has become an important part of the agrobiotechnological industry.
Recently, it has been reported by commercial laboratories, that olive micropropagation can be used as a routine procedure to propagate many olive cultivars [3, 4] . However, this alternative method of propagation is rarely exploited by olive nurseries because it is very labour-intensive which results in a high final cost per plant. Moreover, a further increase in the production cost can be caused by the lack of a stable rate of explant proliferation, by a low percentage of rooted shoots, and by an excessive loss of rooted plantlets during the acclimatization phase.
The rate of in vitro rooting of microshoots is variable and is influenced by different factors, as juvenile or mature origin of the microshoots, the rooting potential of the genotype, the kind of auxins and their concentrations, and the in vitro microenvironment. The auxin naphthaleneacetic acid (NAA) has been used succesfully for cvs. Frantoio, Dolce Agogia, and Moraiolo [5] and for Nebbiara [6] . The combination of IBA and NAA was tested on cvs. Koroneiki [7] and Chondrolia Chalkidikis [8] . Good results have been obtained using indolbutyric acid (IBA) with juvenile explants of some Spanish varieties of olive [9] , mature explants of Olea europaea cvs. Carolea and Nocellara etnea [10] , mature explants of O. europaea L. ssp. maderensis Lowe [11] , and with cv. Meski [12] .The high rooting percentages (70-100%) reported by the authors [5, 9, 10] are linked to the use of long-term in vitro cultures or juvenile explants: microshoots of cvs. Carolea and Nocellara etnea had been subcultured for 2 years, microshoots of cv. Frantoio, Dolce Agogia, Moraiolo had been subcultured in vitro for 5 years [5] , and juvenile microshoots were utilized for cvs. Arbequina, Gordal Sevillana, and Manzanilla [9] .
It is known that micropropagation can rejuvenate plant tissues [13] [14] [15] , and one way to improve the rooting of difficult-to-root species is by explant rejuvenation, which can occur when cultures are subcultured repeatedly in vitro. Brand and Lineberger [16] have observed rejuvenation in in vitro explants of Betula. In addition, microshoots of Castanea sativa regain their rooting capacity gradually during sequential subcultures [17] and Pei et al. [18] have reported that walnut microshoots achieve rooting competence gradually after many repeated subcultures. Unfortunately, from a commercial point of view, long-term cultures or juvenile explants are not a feasible option for the agrobiotechnological industry. Extensive efforts have also been made to identify "substances" that can be added to the growth medium or to identify optimal in vitro environmental conditions to enhance the rooting percentage of microshoots. For instance, addition of putrescine to auxin-containing medium increases the rooting of explants of some olive cultivars [19] . Furthermore, darkening of the medium enhances rooting in some cultivars [5] , as does the use of gas-permeable shoot containers [20] .
However, none of the reported improvements to the in vitro methodology has reduced the cost of plant production. In general, the in vitro rooting process is expensive [21] and can even double the final price of micropropagated plants [22, 23] . An analysis of production cost has shown that 60-80% of the total cost is due to the intensive manipulation needed, 40% of which is accounted for by in vitro rooting. Therefore, it has been suggested that costs could reduced by using ex vitro rooting procedures, in which the plantlets are transferred from growth medium to small pots for the induction of rooting [24] . An innovative ex vitro rooting protocol that uses in vitro explants derived from short-term cultures in combination with a medium that produces microshoots of good quality could overcome the low commercial interest in olive micropropagation. However, to date, no studies have been undertaken on effective ex vitro rooting methods for an inexpensive micropropagation of olive trees.
The aim of this study was to develop a new protocol for ex vitro rooting of olive microshoots. This methodology enhances the efficiency of micropropagation, and offers a simple and inexpensive method of producting rooted olive microplants within the nursery industry at limited cost.
Experimental Procedures

Origin and production of microshoots
Mature microshoots of olive cv. Maurino were used for the ex vitro rooting tests. The explants were multiplied in MSM medium (Table 1 ; supplemented with 10 μM zeatin, 18.2 g L -1 mannitol and 2.2 g L -1 gelrite) [25] . The explants were subcultured regularly at 6-week intervals. The cultures were maintained in a growth chamber at 24±1°C under a 16-h photoperiod with 40 µmol m -2 s -1 photosynthetically active radiation (PPFD) provided by cool white fluorescent lamps. Before the explants were processed for the ex vitro rooting experiments, they were grown for 15 days on MSM free of growth regulators to allow the progressive reduction of zeatin in the tissues. Healthy microshoots including the apex and three nodes were collected randomly from the vessels, and used for the rooting tests. [25] .
Then the protocol was tested on cvs. Coratina, Correggiolo, Frantoio, Maremmano, Picholine, and S. Francesco microshoots obtained in vitro using the procedures applied to cv. Maurino, and collected from the seventh subculture (309 days).
Ex vitro rooting protocol
The basal end of microshoots was dipped for 5 min in a solution of 2.7 mM NAA (Figure 1) . NAA was dissolved in unsterilised acidic water and titrated to pH 6.7. The treated microshoots were planted in unsterilised Coco Pots (Coco Technologies Corporation, The Philippines) that had been wetted previously.
During the root induction phase, the Coco Pots were maintained in a small polystyrene cabinet with a glass roof ( Figure 2 ). The size of the cabinet was: 1.00 m wide, 1.00 m long, and 0.30 m high, and the cabinet walls were 6-cm thick, and were covered inside with transparent polyethylene to maintain the humidity. During the experiments, high humidity level (80-85%) was maintained by sprinkling the pots with water once or twice weekly as necessary. A thermohygrograph was present in the cabinet.
The effects of light conditions and length of proliferative period on the rooting of microshoots of cv. Maurino were studied. The explants were maintained in the dark, under a 16-h photoperiod or under continuous light throughout the rooting period. The effect of the length of the proliferative period (the time that the microshoots were allowed to proliferate on medium added with zeatin) was studied on explants harvested from the fifth (225 days), sixth (267 days), and seventh (309 days) subcultures.
Cool white fluorescent lamps were positioned outside the cabinet at 50 cm above the glass roof, and 40 or 80 µmol m -2 s -1 photosynthetic photon flux density (PPFD) was provided inside the cabinet for the photoperiod and continuous light conditions, respectively. The natural temperature range was 25-30°C, and the cabinet was kept in a laboratory at room temperature.
The rooting percentage was recorded when roots first appeared outside the pots, approximately 50 d after the start of the experiment. For each experiment and cultivar, fifty microshoots were examined. However, owing to the destructive nature of the measurements, the number and length of roots per microshoot were only determined for five samples. The rooted microplants were maintained in the polystyrene cabinet with the glass cover removed for 1 month, and then they were transferred (included the Coco Pots) to small pots and placed in a greenhouse.
Statistical analysis
Data were subjected to one-way analysis of variance for comparison of means, and significant differences were calculated according to Tukey's multiple range test at the 5% level using a statistical software package (Statigraphics Plus, version 5.1 for windows). The percentage data were transformed in arcsine before the statistical analysis. Data were reported as means ± standard error.
Results
Development of an optimal ex vitro rooting protocol
Continuous light was found to be a prerequisite for the success of the protocol. The studies showed that, in the dark, the microshoots did not root and almost all explants showed frequent leaf abscission, yellowness, and extensive microbic contamination (data not shown). These findings were independent of the length of the proliferative period. To reduce the effect of microbic contamination on explants, some treatments with A. Leva fungicide were considered. Under the 16-h photoperiod (40 µmol m -2 s -1 PPFD) the explants showed negligible rooting, which was unaffected by the length of the proliferative period, and overall, the low quality of the few rooted shoots impeded their survival during the hardening phase. For all subsequent experiments, the continuous light condition at 80 µmol m -2 s -1 PPFD was used. The effect of the number of subcultures (5, 6 or 7) on the ex vitro rooting of cv. Maurino microshoots is reported on Table 2 . Significant differences between the number of proliferative subcultures and rooting ability were observed. After five subcultures (225 days), only 30% of the microshoots had formed roots, but this increased to 64% with explants derived from the seventh subculture (309 days) using the same NAA concentration. However, among the shoots that regenerated roots, there were no differences in root number, and only a limited root length was observed in microshoots collected from the fifth subculture.
The cultivars chosen to confirm the protocol are listed in the olive germplasm database [26] as genotypes with different rooting abilities: Coratina, Correggiolo, and Frantoio show good rooting ability; Maremmano, Maurino, and Picholine display moderate rooting ability; S. Francesco is difficult to root.
As shown in Table 3 , the microshoots of all above-mentioned cultivars formed adventitious roots. Furthermore, the different cultivars showed different rooting percentages. Cv. S. Francesco, which has been reported previously to be difficult to root, exhibited the highest rooting percentage (76.0%). In contrast, cvs. Correggiolo and Frantoio showed low rooting percentages, 28.0% and 40.0% respectively, which contradicted the information provided by the olive germplasm database. The results obtained for cvs. Picholine, Maurino, Maremmano, and Coratina were in agreement with the rooting abilities reported in the database, with a range of rooting of 62-72%. In terms of the number and length of adventitious roots, differences were observed among the cultivars tested, the highest value for both parameters was detected for cv. Maremmano (Table 3) .
Survival of rooted microshoots
All rooted microshoots showed one or two new apical leaves (Figures 3 and 4) , which developed throughout the rooting period. Up to 90% of the rooted microplants survived, and subsequent continuous growth of shoots was observed.
Discussion
This rooting protocol offers a practical strategy to reduce both the cost of production per plant and the propagation time of the micropropagation when compared to traditional methods of olive propagation.
The key factors of the innovative protocol were as follows: i) Continuous light: growth in the dark or under a photoperiod during the induction of rooting affected the ex vitro rooting percentage of the microshoots negatively. ii) The use of short-term in vitro cultures: the microshoots regained rooting ability typical to their genotype after just seven proliferative subcultures (309 days). iii) Temperature range: temperatures that were higher or lower than the proposed range influenced root induction negatively (data not shown). iv) High quality, healthy microshoots were essential for the successful induction of ex vitro rooting.
The finding of the beneficial effect of continuous light at 80 µmol m -2 s -1 PPFD on ex vitro rooting was at variance with the findings of some authors [5, 27] . These reported a beneficial effect of pretreatment in the dark before rooting induction, which was conducted in in vitro conditions under a photoperiod, in Olea europaea L. and wild olive species, respectively. It seems reasonable to conclude that the beneficial effect of continuous light on rooting responses could be related closely to the environment in which the ex vitro protocol is carried out. An increase in light intensity to 100 µmol m -2 s -1 PPFD has a beneficial effect on the development of structural changes in leaves associated with photoautotrophy in Gardenia jasminoides in in vitro culture [28] . In addition, the effectiveness of elevated PPFD on the in vitro growth of Cimbidium plantlets has been demonstrated; in particular the root growth was enhanced remarkably [29] .
Using the ex vitro protocol described, high rooting percentages were achieved with mature olive microshoots of cvs. Picholine, Maurino, Maremmano, Coratina, and S Francesco that were derived from a low number of subcultures (as 309 days). These findings suggest that this method might be of use for the agrobiotechnological industry.
The reason for the relatively poor rooting of cvs. Correggiolo and Frantoio reported is unknown at present. However, the inconsistency with previously reported rooting abilities could be explained if these cultivars require different periods of subculture to achieve the necessary physiological stage for rooting, and/or by the use of a suboptimal auxin level in the present study. Further experiments, in particular to examine the threshold number of repeated subcultures, are necessary to improve the ex vitro rooting percentages of cvs. Correggiolo and Frantoio. Furthermore, a study of in vitro apple shoots has shown that, once the explants reach an easy-to-root condition in vitro, the rooting percentage is determined by the concentration of auxin [30] .
The results show the suitability of the MSM culture medium [25] as a substrate for the micropropagation of olive cultivars. The superior ability of MSM to support the physiological status of microshoots that is required for ex vitro rooting is supported by the results reported by Grigoriadou [8] on ex vitro rooting of cv. Chondrolia Chalkidikis. The authors of the earlier study found that microshoots subcultured in WPM medium [31] , which has a different composition to MSM with respect to macro and microelements and contains sucrose rather than mannitol, and then treated with IBA (2 g L -1 ) for 5 s were unable to produce viable rooted microshoots.
To my knowledge, this is the first report of a successful ex vitro rooting protocol for olive microshoots. This is important owing to the economic importance of olive propagation, and the need to establish successful and cheap methods of micropropagation. The proposed protocol seems to be adequate for commercial laboratories and can be applied easily to several different olive cultivars to produce microplants. From a commercial point of view, the proposed protocol decreases the costs of plant production significantly through a reduction in the time and labour needed to obtain well-rooted and acclimatized olive microplants. Therefore, it could make the micropropagation of olive cultivars in the nursery industry both possible and profitable.
